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ABSTRACT
In the near-future, atmospheric characterization of Earth-like planets in the habitable zone will
become possible via reflectance spectroscopy with future telescopes such as the proposed LUVOIR
and HabEx missions. While previous studies have considered the effect of clouds on the reflectance
spectra of Earth-like planets, the molecular detectability considering a wide range of cloud properties
has not been previously explored in detail. In this study, we explore the effect of cloud altitude and
coverage on the reflectance spectra of Earth-like planets at different geological epochs and examine
the detectability of O2, H2O, and CH4 with test parameters for the future mission concept, LUVOIR,
using a coronagraph noise simulator previously designed for WFIRST-AFTA. Considering an Earth-
like planet located at 5 pc away, we have found that for the proposed LUVOIR telescope, the detection
of the O2 A-band feature (0.76 µm) will take approximately 100, 30, and 10 hours for the majority of
the cloud parameter space modeled for the atmospheres with 10%, 50%, and 100% of modern Earth
O2 abundances, respectively. Especially, for the case of & 50% of modern Earth O2 abundance, the
feature will be detectable with integration time . 10 hours as long as there are lower altitude (. 8 km)
clouds with a global coverage of & 20%. For the 1% of modern Earth O2 abundance case, however, it
will take more than 100 hours for all the cloud parameters we modeled.
Keywords: planets and satellites: terrestrial planets — planets and satellites: atmospheres — planets
and satellites: detection
1. INTRODUCTION
With recent advances in observational techniques,
more than 3000 exoplanets have been reported so far1
with many more nearby habitable exoplanets expected
to be discovered by TESS. Already, some rocky plan-
ets have been found in habitable zones (HZs) of their
host stars such as Proxima Centauri b, TRAPPIST-1 (e,
f, and g), and LHS 1140b (Anglada-Escude´ et al. 2016;
Gillon et al. 2017; Dittmann et al. 2017). The next step
Corresponding author: Yui Kawashima
y.kawashima@sron.nl
1 http://exoplanets.org
will be to characterize the atmospheres of these planets.
For characterization of planets in the habitable zones,
reflectance spectroscopy is most suitable for the plan-
ets around F, G, and K-type stars because of the larger
angular separation of the HZs from those host stars.
Transmission spectroscopy suits the characterization of
the planets in the HZs around M dwarfs because of their
larger transit probabilities and larger planet-to-star ra-
dius ratios.
The first telescopes capable of characterizing rocky
habitable planet’s atmospheres will be JWST (launch-
ing in 2021) and through high-resolution spectroscopy
with large ground-based telescopes coming online in the
2020s such as ELT (39 m). However, these missions
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will only be able to characterize a handful of habit-
able worlds. As such, future mission concepts like LU-
VOIR and HabEx are being proposed that would be
able to detect and characterize statistically meaning-
ful samples (see Stark et al. 2014, 2015). Compared to
JWST with the diameter of 6.5 m and the wavelength
coverage of 0.6-28.5 µm, LUVOIR is proposed to have
a much larger diameter of 15 or 8 m and would probe
shorter wavelength range of 0.1-2.5 µm and a corona-
graph with the possibility of a starshade.2 HabEx, a
4 m telescope, is proposed to have a starshade and a
coronagraph and likewise will probe shorter wavelength
range than JWST, 0.2-1.8 µm.3 LUVOIR and HabEx
will be suitable for the detection and characterization of
planets in the HZs around F, G, and K-type stars via
reflectance spectroscopy, while JWST is best suited for
transiting planets in the HZs around M dwarfs.
Among the several proposed biosignature gases, the
existence of molecular oxygen in the atmosphere has
been long considered as one of the most promising
biosignature candidates for Earth-like planets (see re-
views by Meadows 2017; Meadows et al. 2018, and
references therein). Although several abiotic sources
of O2 have been proposed so far (Hu et al. 2012;
Tian et al. 2014; Wordsworth & Pierrehumbert 2014;
Domagal-Goldman et al. 2014; Ramirez & Kaltenegger
2014; Luger & Barnes 2015; Gao et al. 2015; Narita et al.
2015; Harman et al. 2015), the simultaneous detection
of large abundances of O2 or its photochemical byprod-
uct O3 in combination with a reducing gaseous species
such as CH4 is still considered as the most robust
biosignature. This is because since reduced and ox-
idizing gasses react rapidly with each other, such a
detection assures a large flux of O2 and CH4 from the
surface, therefore likely biotic in origin (Lederberg 1965;
Lovelock 1965; Sagan et al. 1993). Also, H2O, while not
a biosignature, is a useful indicator of habitability.
Earth’s atmosphere has been very different in its his-
tory, representing a variety of possible terrestrial atmo-
spheres (Kaltenegger et al. 2007; Rugheimer & Kaltenegger
2018). In addition, we expect to find atmospheric com-
positions far beyond what we have seen in the Earth’s
history or in our Solar System bodies as the detec-
tion of hot Jupiters and mini-Neptunes have already
shown. However, it is not unreasonable to search for O2
since the building blocks of the oxygenic photosynthesis
(H2O, CO2, and photons) are abundant in the Uni-
verse. Their widespread availability in part has made
2 https://asd.gsfc.nasa.gov/luvoir/
3 https://www.jpl.nasa.gov/habex/
oxygenic photosynthesis the most successful biomass
building strategy on the Earth. While O2 abundance
in the atmospheres of habitable planets could be much
less, it is likely not much more on a habitable planet
with vegetation due to widespread fires if O2 increases
above 25-35% of the atmosphere due to widespread fires
(Watson et al. 1978; Scott & Glasspool 2006). Also, in
Earth’s history, O2 has not exceeded ∼ 30−35% (Kump
2008; Lyons et al. 2014).
The observation of flat or featureless spectra for
a number of exoplanets has demonstrated the com-
monality of clouds and hazes (e.g., Kreidberg et al.
2014; Sing et al. 2016). By absorbing and scatter-
ing the light, the existence of clouds and hazes can
significantly impact the spectrum of the planet (e.g.,
Kawashima & Ikoma 2018; Kawashima et al. 2019;
Kawashima & Ikoma 2019). On Earth, the high albedo
of water and ice clouds compared to that of the surface
can deepen molecular absorption features, while also
obscuring features depending on the cloud properties
(the altitude of the cloud layer and its fractional cov-
erage) (e.g., Tinetti et al. 2006a,b; Kaltenegger et al.
2007; Kitzmann et al. 2011; Rugheimer et al. 2013).
Previous studies have modeled the reflectance spec-
tra of modern Earth-like planets considering the effect
of clouds in the atmospheres (e.g., Des Marais et al.
2002; Tinetti et al. 2006a,b; Robinson et al. 2011;
Kitzmann et al. 2011; Rugheimer et al. 2013; Sanroma´ et al.
2013; Kitzmann et al. 2013; Sanroma´ et al. 2014; Rugheimer et al.
2015a; Feng et al. 2018; Wang et al. 2018). In addition
to modern Earth-like planets, Kaltenegger et al. (2007)
and Rugheimer & Kaltenegger (2018) modeled the re-
flectance spectra of planets similar to the Earth at ear-
lier geological epochs orbiting around Sun-like stars, and
those around F, G, K, and M stars, respectively. While
most of the above studies considered clouds with alti-
tudes and global average coverage similar to the modern
Earth, the cloud properties in other Earth-like planets
is unknown and will be likely different from those of the
modern Earth. The detectability of molecular features
considering such a wide range of cloud properties has
not been explored in detail.
In this study, we explore the effect of water and
ice cloud properties, namely the altitude and its cov-
erage, on the reflectance spectra of Earth-like planets
around Sun-like stars at different geological epochs and
examine the detectability of astrobiologically interest-
ing gaseous molecules in the visible and near-infrared
spectrum, namely O2, H2O, and CH4, with test param-
eters for the future mission concept, LUVOIR, using
a scaled WFIRST-AFTA coronagraph noise simulator
(Robinson et al. 2016).
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The rest of this paper is organized as follows. In §2,
we describe our model. In §3, we show the results of
reflectance spectrum models of Earth-like planets at dif-
ferent geological epochs and systematically explore the
effect of the cloud properties. In §4, we report the de-
tectability of O2, H2O, and CH4 in these atmospheres
using potential parameters for the future mission con-
cept, LUVOIR. Then in §5 and §6, we conclude this
paper by discussing our treatment of clouds and sum-
marizing the results.
2. METHODS
We simulate the reflectance spectra considering the
planets with the same mass, radius, and semi-major axis
as the Earth orbiting the star with the same properties
as the Sun at different geological epochs. Out of four ge-
ological epochs considered in Rugheimer & Kaltenegger
(2018), we consider the three epochs when the Earth
has had an active biosphere and oxygenic photosynthe-
sis, 2.0 Ga, 0.8 Ga, and the present. 2.0 Ga corresponds
to the time after the GOE (Great Oxidation Event) of
∼ 2.33 Ga (e.g., Luo et al. 2016) when O2 started to
build up in the atmosphere and 0.8 Ga corresponds to
the time when multicellular life started to proliferate
after the NOE (Neoproterozoic Oxidation Event).
2.1. Reflectance Spectrum Model
To simulate reflectance spectra of Earth-like plan-
ets, we use a line-by-line radiative transfer model
(Traub & Stier 1976; Kaltenegger & Traub 2009;
Rugheimer & Kaltenegger 2018). We calculate the
spectra with a wavenumber grid width of 0.01 cm−1.
We use the temperature-pressure profile and distribu-
tion of gaseous species of Rugheimer et al. (2015b) for
Earth-like atmospheres at the three geological epochs as
inputs to the radiative transfer model, which are shown
in Figure 1. Those results were calculated with a 1D
climate model (Kasting & Ackerman 1986; Pavlov et al.
2000; Haqq-Misra et al. 2008) and a 1D photochemistry
code (Pavlov & Kasting 2002; Segura et al. 2005, 2007).
Note that the temperature and abundances for the two
earlier epochs are not well-constrained and lie within an
extremely broad range of possible values. We tabulate
the geological constraints on the past O2 abundance for
each geological epoch in Table 1. As for H2O, its abun-
dance in the atmosphere is determined by evaporation
and thus surface temperature. However, considering the
temperature oscillation occurred during the cooler pe-
riod within the huge temporal range, it might be lower
than what we assume here.
For CH4, its past abundance in the atmosphere is not
currently constrained by geological records. Photochem-
ical model of Pavlov et al. (2003) predicted concentra-
tion of 100-300ppm in the Proterozoic (0.75–2.3 Ga) at-
mosphere in order to maintain warm climate against
faint early sun. Biogeochemical model of Claire et al.
(2006) derived an analytical solution of CH4 abundance
as a function of uncertain parameters such as rate coeffi-
cient for a CH4 destruction by O2, surface biogenic flux
of CH4, and the O2 abundance. Their reference model
predicted its abundance ranges from 10 to 100ppm after
GOE at 2.3 Ga. In absence of robust geological paleosol
records, we have adopted optimistic CH4 levels in the
lowest O2 case. Future work will be needed to constrain
CH4 abundance in Earth’s history.
As for clouds, we assume water (cumulus) clouds
for temperature above 230 K and ice (cirrus) clouds
for that below 230 K following Zsom et al. (2012).
We insert continuum-absorbing/emitting layers simi-
lar to some previous works (Des Marais et al. 2002;
Kaltenegger et al. 2007; Rugheimer et al. 2013, 2015a;
Rugheimer & Kaltenegger 2018). While planets with a
surface ocean, an active hydrological cycle, and abun-
dant water vapor have abundant clouds, dry habitable
planets, which have been proposed to extend the habit-
able zone inward (e.g., Abe et al. 2005, 2011; Zsom et al.
2013; Kodama et al. 2015), have fewer clouds (e.g.,
Kodama et al. 2018). However, since the cloud proper-
ties in exoplanet contains large uncertainty, we simply
vary the altitude of the cloud layer and its coverage sys-
tematically to explore the effect of these cloud properties
on reflectance spectra of Earth-like exoplanets.
We assume surface compositions following
Rugheimer & Kaltenegger (2018): The surface consists
of 70% ocean, 2% coast, and 28% land for all the
epochs considered. For 2.0 Ga and 0.8 Ga cases, the
land is composed of 35% basalt, 40% granite, 15%
snow, and 10% sand, while 30% grass, 30% trees,
9% granite, 9% basalt, 15% snow, and 7% sand for
modern case. We take reflectivity data for clouds
and surface compositions from the ASTER Spectral
Library4 (Baldridge et al. 2009) and the USGS Spectral
Library5 (Kokaly et al. 2017). We adopt the average
planet phase angle of pi
2
(i.e., quadrature). For the
input stellar spectra of the Sun at each epoch, we use a
solar evolution model (Claire et al. 2012).
2.2. LUVOIR Coronagraph Noise Simulator
We calculate the impact of noise on the detection of
spectral features considering the Earth-like planet lo-
cated at 5 pc away from the Earth. For this purpose,
4 http://speclib.jpl.nasa.gov
5 http://speclab.cr.usgs.gov/spectral-lib.html
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Figure 1. Vertical profiles of temperature (red dashed line) and gaseous species (solid lines) for three different Earth-like
trajectory epochs, 2.0 Ga (a), 0.8 Ga (b), and the modern Earth (c). Red circles represent the 230 K threshold altitude of water
and ice clouds, which are 10.3, 14.4, and 8.71 km for the cases of 2.0 Ga, 0.8 Ga, and the modern Earth, respectively. Note that
most abundant species N2 is not shown.
Table 1. Geological constraints on the past O2 abundances
Epoch [Ga.] Concentration Reference
2.45-0.42 0.01-0.4 PAL Kump (2008) and references therein
2.1-0.8 10−4 − 0.1 PAL Lyons et al. (2014) and references therein
1.8-0.8 < 0.001 PAL Planavsky et al. (2014)
0.42- 0.6-1.6 PAL Kump (2008) and references therein
Note—PAL stands for the present atmospheric level.
we use the instrument noise model from Robinson et al.
(2016) originally developed for WFIRST-AFTA. We
have modified this noise calculator to match the poten-
tial LUVOIR values. While two plans have been pro-
posed for the telescope diameter of LUVOIR, 15 m and
8 m, in this study, we use the value of 10 m as an exam-
ple. Considering visible channel of ECLIPS instrument,
we take its value for the instrument spectral resolution
and coronagraph inner and outer working angle from
Table 9.2 of the LUVOIR interim report.6 All the input
values we use are listed in Table 2. Also, while the orig-
inal noise model assumed the black-body for the stellar
spectrum, we use a solar spectrum evolution model as
the input.
Following Robinson et al. (2016), we explore the inte-
gration time required to detect a molecular feature by
defining it as the time to achieve S/N = 5. We define
the signal as the difference between the spectra calcu-
lated with and without the specific molecular absorp-
6 https://asd.gsfc.nasa.gov/luvoir/
tion, while Robinson et al. (2016) defined it as the de-
viation from a flat continuum; we substitute the photon
count rate for the case of the spectrum calculated with-
out considering the absorption of a certain molecule for
the continuum count rate in Eq. (7) of Robinson et al.
(2016). The model selects a wavelength element within a
specific wavelength range from a given instrument spec-
tral resolution. We will mention the wavelength range
we adopt for each molecular absorption feature in §4.
Note that in order to recover molecular abundances, a
measurement of the flux at the bottom of the absorption
features is important.
3. RESULTS: INFLUENCE OF CLOUDS ON
SPECTRA OF EARTH-LIKE PLANETS
In this section, we systematically explore the effect of
cloud properties, namely the altitude of the cloud layer
(§3.1) and its coverage (§3.2) on reflectance spectra of an
Earth-like planet. Then in §3.3, we compare the spec-
trum models of the Earth-like planets at different geo-
logical epochs, focusing on the O2 A-band feature since
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Table 2. Values of parameters used in this study
Description Value Reference
Distance to observed star-planet system 5 pc
Planetary radius 1 R⊕
Planet-star distance 1 AU
Planet phase angle 90◦
Number of exodis in exoplanetary disk 1
Coronagraph design contrast 10−10
Telescope diameter 10 m
Instrument spectral resolution 140 LUVOIR interim reporta
Telescope and instrument throughput 0.20
Coronagraph inner working angle [λ/D] 3.5 LUVOIR interim reporta
Coronagraph outer working Angle [λ/D] 64.0 LUVOIR interim reporta
Width of photometric aperture [λ/D] 1.5
ahttps://asd.gsfc.nasa.gov/luvoir/
O2 has long been considered as a key target molecule
for future missions.
3.1. Altitude of Cloud Layer
Figure 2 shows spectral models for an atmosphere
with 100% cloud coverage at three different altitudes,
17 km (blue line), 9.5 km (green line), and 2.2 km (red
line). Water clouds are assumed for 2.2 km case, while
ice clouds for 17 and 9.5 km cases. A clear sky atmo-
sphere is also plotted (black) for reference. One finds
that in the spectrum of a clear sky atmosphere, most
of the molecular absorption features come from H2O,
which are located at 0.71-0.74, 0.80-0.84, 0.90-0.98, 1.1-
1.2, 1.3-1.5, and 1.8-2.0 µm, while the distinct O2 A-
band feature exists at 0.76 µm along with smaller O2
B-band feature at 0.69 µm.
Clouds increase the flux because of their high albedo.
At relatively short wavelengths (. 0.9 µm), where the
atmosphere is relatively optically thick and the optical
properties of water and ice clouds are almost similar,
the lower the altitude of the cloud layer is, the larger
the overall (continuum) flux becomes. This behavior is
due to the increased Rayleigh scattering of molecules
above the cloud layer in the lower atmosphere. For the
lower altitude clouds, the absorption feature is deeper,
and the flux is lower in the core of the line. This
is because there is a larger column-integrated concen-
tration of the species above the cloud layer (see also
Tinetti et al. 2006a,b; Kitzmann et al. 2011).
In contrast, at relatively long wavelengths (& 0.9 µm),
where the atmosphere is optically thinner, the features
are created mostly by clouds, while the molecular ab-
sorption also contribute for the lower altitude cloud case
of 2.2 km. Note that water clouds have absorption at
the similar wavelength region as gaseous water. For the
higher altitude ice cloud cases of 17 and 9.5 km, due
to the negligible column-integrated concentration of the
species above the cloud layer for the both cases, the
spectra are similar and completely characterized by less
reflective optical properties of ice clouds.
O2
H2O
H2O
H2O
H2O
H2O
2.2 km
17 km
clear sky
O2
H2O
Figure 2. Reflective Spectra for a modern Earth-like atmo-
sphere with 100% cloud coverage at three different altitudes,
17 km (blue line), 9.5 km (green line), and 2.2 km (red line).
Water clouds are assumed for 2.2 km case, while ice clouds
for 17 and 9.5 km cases. A clear sky atmosphere is plotted
in black line for reference. Note that the spectral models
are smoothed for clarity by averaging over the wavenumber
range of 20.1 cm−1 at each outputted wavenumber point with
a grid of 0.1 cm−1. We use the same smoothing method for
the results of spectrum models hereafter.
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2.2 km
9.5 km
17 km
clear sky
2.2 km
9.5 km
17 km
clear sky
Figure 3. Same as Fig. 2 with only the O2 A-band feature shown in integrated flux (left) and relative reflectivity (right). The
relative reflectivity is calculated by normalizing with the maximum flux between the wavelength range of 0.75-0.78 µm.
The left panel of Figure 3 is the zoomed in view of
Fig. 2 around the O2 A-band feature. Note that the dif-
ference of the reflectivity of water and ice clouds is little
in this wavelength region. The flux at the peak of the
absorption feature is smaller for the lower cloud layer,
while that at the continuum is larger as noted above. We
show relative reflectivity in the right panel of Figure 3
calculated by normalizing the flux with the maximum
flux between the wavelength range of 0.75-0.78 µm. For
the lower altitude clouds, the relative reflectivity of the
feature becomes deeper due to the larger absorption at
the core of the feature and increased Rayleigh scattering
at the continuum.
3.2. Cloud Coverage
Next, we examine the dependence of the fractional
cloud coverage on the spectra. The top left panel (a) of
Figure 4 shows the Earth-like spectra with ice cloud lay-
ers of 17 km altitude, while the top right one (b) shows
those with 2.2 km water cloud layers, for 0% (black),
50% (blue), and 100% (red) cloud coverage. Again, the
difference of the reflectivity of water and ice clouds is
little in this wavelength region. For the 17 km cloud
case (a), the flux at the depth of the absorption feature
varies more with cloud coverage than compared to the
2.2 km case (b) because the flux at the core of the feature
is determined by the amount of the absorption, namely
column-integrated O2 concentration of the species above
the cloud layer. The continuum increases with increas-
ing cloud coverage due to the higher albedo of water
clouds compared to the surface reflectivity.
The bottom two panels of Fig. 4 (c, d) are the same
as the top two panels of Fig. 4 (a, b), but with rel-
ative reflectivity. It can be seen that for the 17 km
case (c), the relative absorption varies greatly with the
cloud coverage and is deeper for the lower cloud coverage
due to blocking more of the atmosphere below the cloud
layer. While for the 2.2 km case (d), the relative reflec-
tivity hardly varies with the cloud coverage although it
is slightly shallower for the higher cloud coverage.
Our results for the modern Earth case confirm previ-
ous findings by Tinetti et al. (2006a,b); Kaltenegger et al.
(2007); Kitzmann et al. (2011). We will now consider
the case of earlier geological epochs in §3.3 and calculate
the detectability of these features with a LUVOIR sized
telescope in §4.
3.3. Evolution of the Planet
In this section, we explore the spectra of an Earth-
like planet at different levels of oxygen and geologi-
cal epochs. The abundance of O2 in the Earth’s at-
mosphere has varied over time but broadly rose after
two oxygenation events known as the Great Oxygena-
tion Event (GOE) and the Neoproterozoic Oxygenation
Event (NOE) (Lyons et al. 2014). We adopt concentra-
tions of 0.01 PAL, 0.1 PAL, and 1.0 PAL for 2.0 Ga,
0.8 Ga, and the present, respectively, where PAL stands
for the present atmospheric level. Note that oxygen lev-
els during the Proterozoic are debated and estimates
range from < 0.001 PAL to 0.4 PAL (Canfield 2005;
Kump 2008; Planavsky et al. 2014) as listed in Table 1.
To explore the effect of O2 abundance on the spectra
in detail, we also consider the case of 0.5 PAL O2 as
a middle value. We calculate the spectrum model of
the 0.5 PAL case using the same inputs to the radiative
transfer model as modern Earth except for O2 abun-
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(a) 17 km (b) 2.2 km
0 %
50 %
100 %
0 %
50 %
100 %
(a) 17 km
0 %
50 %
100 %
(b) 2.2 km
0 %
50 %
100 %
Figure 4. The O2 A-band with ice cloud layers of 17 km (left two panels) and 2.2 km altitude water cloud layers (right two
panels) with 0% (black), 50% (blue), and 100% (red) cloud coverage plotted with integrated flux (top two panels) and relative
absorption (bottom two panels).
dance. Note this treatment is valid as long as one com-
pares the spectrum models only around the wavelength
range of O2 absorption features.
Figure 5 shows the spectrum for four different
O2 abundance models, 0.01 PAL (2.0 Ga, purple),
0.1 PAL (0.8 Ga, light blue), 0.5 PAL (green), and
1.0 PAL (0.0 Ga, orange) assuming 60% cloud cover-
age with a 2.2 km water cloud layer. As expected, the
absorption feature is deeper for larger O2 abundance.
4. RESULTS: DETECTABILITY OF O2, H2O, AND
CH4 WITH LUVOIR
In this section, we explore the detectability of the fea-
tures of astrobiologically important gaseous molecules
in the visible and near-infrared region of the Earth-like
spectrum, namely O2, H2O, and CH4 with proposed
space telescope LUVOIR.
Figure 6 shows the modern Earth-like spectra of a
clear sky atmosphere (black) and the same atmosphere
with a 100% water cloud coverage layer at 2.2 km (red)
along with 1σ observational errors for 10-hour observa-
tion with a LUVOIR-sized telescope calculated with the
noise model. The assumed distance to the planetary
system is 5 pc. Note the negative flux means that the
8 Kawashima & Rugheimer
1.0 PAL
0.5 PAL
0.1 PAL
0.01 PAL
1.0 PAL
0.5 PAL
0.1 PAL
0.01 PAL
Figure 5. Integrated Flux (left) and relative reflectivity (right) spectral models for four different O2 abundances,
0.01 PAL (2.0 Ga, purple), 0.1 PAL (0.8 Ga, light blue), 0.5 PAL (green), and 1.0 PAL (modern, orange) assuming a 2.2 km
water cloud layer altitude with 60% cloud coverage.
measurement is consistent with zero flux since a Sun-like
star has low flux in the NIR.
clear sky
100% cloud layer at 2.2 km
Figure 6. Modern Earth-like spectra of a clear sky atmo-
sphere (black) and the same atmosphere with a 100% water
cloud coverage layer at 2.2 km (red) along with 1σ observa-
tional errors for 10-hour observation with a LUVOIR-sized
telescope calculated with the noise model. The assumed dis-
tance to the planetary system is 5 pc.
4.1. O2 Feature
Figure 7 shows spectrum models for the Earth-like
atmosphere with 60% cloud coverage at different alti-
tudes, 17 km (blue), 9.5 km (green), and 2.2 km (red)
around the O2 A-band feature with 1σ observational er-
rors for 10-hour observation calculated with the noise
model for four different O2 abundances, 0.01 PAL (a),
0.1 PAL (b), 0.5 PAL (c), 1.0 PAL (d). Water clouds are
assumed for the cases of 9.5 and 2.2 km cloud layers of
0.01 and 0.1 PAL O2 abundances and 2.2 km cloud lay-
ers of 0.5 and 1.0 PAL O2 abundances, while ice clouds
are assumed for the other cases. The assumed distance
to the planetary system is 5 pc.
Again, note that the difference of the reflectivity of
water and ice clouds in this wavelength region is min-
imal. We also note that we present the results on the
grids we run the simulations and the stark contour lines
come from our low-resolution grids.
We find that the observational 1σ error bars are much
larger than the O2 absorption feature depth for the
0.01 PAL O2 concentration case (a), but comparable or
smaller for larger O2 concentration cases of 0.1 PAL (b),
0.5 PAL (c), and 1.0 PAL (d), especially for the cases
of cloud layers at the lower altitudes. The integration
time required to detect the O2 A-band feature with
the proposed LUVOIR telescope with S/N = 5 for the
2.2 km altitude cloud layer and 0.5 PAL O2 concen-
tration case (red line in Fig. 7c) is 9.4 hour, almost the
same as the assumed observation time. Here, we assume
the wavelength region of the feature is 0.759-0.769 µm.
The detection time for each case in Fig. 7 is tabulated
in Table 3.
Figure 8 shows an intensity plot for the integration
time required to detect the O2 A-band feature with
S/N = 5 for four different O2 abundances, 0.01 PAL (a),
0.1 PAL (b), 0.5 PAL (c), and 1.0 PAL (d) with varying
cloud altitude and coverage. The assumed wavelength
region for the feature is 0.759-0.769 µm. For high al-
titude (& 10 km for the modern case) clouds, a lower
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(d) 1.0 PAL(c) 0.5 PAL
(a) 0.01 PAL
2.2 km 17 km
2.2 km
17 km
2.2 km
17 km
2.2 km
17 km
Figure 7. O2 A-band feature for the Earth-like atmosphere with 60% cloud coverage at different altitudes, 17 km (blue),
9.5 km (green), and 2.2 km (red) with 1σ observational errors for 10-hour observation calculated with the noise model for four
different O2 abundances, 0.01 PAL (a), 0.1 PAL (b), 0.5 PAL (c), 1.0 PAL (d). Water clouds are assumed for the cases of 9.5
and 2.2 km cloud layers of 0.01 and 0.1 PAL O2 abundances and 2.2 km cloud layers of 0.5 and 1.0 PAL O2 abundances, while
ice clouds are assumed for the other cases.
cloud coverage makes the feature deeper and the de-
tection easier despite the smaller continuum flux for a
lower cloud coverage (see Fig. 4a,c). For low altitude
(. 10 km for the modern case) clouds, a higher cloud
coverage increases the flux at the continuum, while al-
most the same relative depth of the feature regardless of
the cloud coverage, and thus makes the detection easier
for a higher cloud coverage (see Fig. 4b, d).
As seen in Fig. 8, for the proposed LUVOIR telescope
the integration time needed to detect the O2 A-band fea-
ture for an Earth-like atmosphere with O2 abundance of
0.01 PAL (a) will take typically more than 1000 hours for
the majority of the cloud parameters. The best case sce-
nario would be for a widespread low layer cloud, which
would then make the feature detectable with 100 hours.
For 0.1 PAL, 0.5 PAL, and 1.0 PAL O2 cases, for the
majority of the cloud parameter space the detection will
take approximately 100, 30, and 10 hours, respectively
(see Fig 8). For the cloud parameter end cases, the mini-
mum and maximum detection times are 10 to 600 hours
for the 0.1 PAL case, 3 to 300 hours for the 0.5 PAL
case, and 2 to 200 hours for the 1 PAL O2 case. Es-
pecially, for the atmospheres with 0.5 and 1.0 PAL O2
abundances, the feature will be detectable with integra-
tion time . 10 hours as long as there are lower altitude
(. 8 km) clouds with a global coverage of & 20%. Note
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Table 3. Integration time [hour] required to
detect O2 A-band feature of 0.759-0.769 µm in
the atmosphere of Earth-like planet located at
5 pc away with the proposed LUVOIR tele-
scope with S/N = 5 for the cases of three
different cloud layer altitudes, 17, 9.5, and
2.2 km and four different O2 abundances, 0.01,
0.1, 0.5, 1.0 PAL. The assumed cloud coverage
is 60%.
Altitude of cloud layer
O2 abundance 17 km 9.5 km 2.2 km
0.01 PAL 4800 1800 470
0.1 PAL 380 130 33
0.5 PAL 85 30 9.4
1.0 PAL 47 16 5.2
that modern Earth has a global cloud coverage of ∼50-
60% (Tinetti et al. 2006a; Robinson et al. 2011).
4.2. H2O Feature
Among the several H2O features at 0.71-0.74, 0.80-
0.84, 0.90-0.98, 1.1-1.2, 1.3-1.5, and 1.7-2.0 µm, we ex-
plore the detectability of the strongest feature at 0.90-
0.98 µm in this section. Figure 9 shows an intensity
plot for the integration time required to detect the H2O
feature of 0.900-0.980 µm with S/N = 5 for three differ-
ent Earth-trajectory epochs, 2.0 Ga (a), 0.8 Ga (b), and
modern Earth (c) with varying cloud altitude and cover-
age. Same as the O2 case, for high altitude (& 3 km for
the modern case) clouds, a lower cloud coverage makes
the feature deeper and the detection easier, while for
low altitude (. 3 km for the modern case) clouds, a
high cloud coverage makes the detection easier due to
the increased flux at the continuum. While the water
clouds also have absorption at this wavelength, the ice
clouds do not have such absorption and thus their rel-
atively reflective properties basically make the required
integration time slightly smaller.
Compared to the O2 case (§4.1), the detection time
for the H2O feature significantly depends on the cloud
properties, namely altitude and coverage. Except for the
extreme case of higher coverage (& 80% for the modern
case) clouds at high altitudes (& 6 km for the modern
case), for all the three epochs, the detection of the H2O
feature will take approximately 3-10 hours, an order of
magnitude smaller than that for the O2 feature. For the
extreme cases, the minimum and maximum detection
times are 0.4 to 6 × 104 hours for the 2.0 Ga case, 0.2
to 9 × 103 hours for the 0.8 Ga case, and 0.4 to 3 ×
105 hours for the modern case (see Fig. 9). The very
large detection times for the high altitude and high cloud
coverage case is due to H2O being less abundant in the
upper atmosphere for planets with a cold trap, whereas
O2 is well mixed.
Note the water abundance for the two earlier geolog-
ical epochs in our models is largely determined by in-
creased evaporation due to higher surface temperatures
from a larger greenhouse effect despite a lower solar lu-
minosity.
4.3. CH4 Feature
Figure 10 shows an intensity plot for the integration
time required to detect the strongest reflected light NIR
CH4 feature at 1.64-1.78 µm with S/N = 5 for three
different Earth-trajectory epochs, 2.0 Ga (a), 0.8 Ga (b),
and modern Earth (c) with varying cloud altitude and
coverage.
Contrary to the cases of O2 and H2O, the optical prop-
erties of water and ice clouds are quite different in this
wavelength region with much higher reflectivity for wa-
ter clouds, and this causes the changes of the trend at
the threshold altitudes. For the water cloud region at
the lower altitudes, the lower the altitude of the cloud
layer becomes, and the higher the cloud coverage be-
comes, the detection time becomes smaller. This is be-
cause of the larger column-integrated concentration of
the species above the cloud layer and the relatively re-
flective properties of water clouds compared to the sur-
face. However, in the ice cloud region at the higher alti-
tudes, the lower the altitude of the cloud layer becomes,
and the lower the cloud coverage becomes, the detection
time becomes smaller. This is due to the larger column-
integrated concentration of the species above the cloud
layer and the relatively absorbing properties of ice clouds
compared to the surface in this wavelength range.
The detection of the CH4 feature will take approxi-
mately 10 and 30 hours for 2.0 Ga and 0.8 Ga cases,
respectively. For the extreme cloud parameter cases,
the minimum and maximum detection times are 1 to
300 hours for the 2.0 Ga case and 2 to 900 hours for the
0.8 Ga case. Here we note that the CH4 abundances for
2.0 Ga and 0.8 Ga cases are not well-constrained and the
values we adopt may be optimistic (e.g., Reinhard et al.
2017).
For the modern Earth case, however, it will take more
than 6000 hours for all the cloud parameters modeled
and the feature is undetectable even with the LUVOIR-
sized telescope regardless of the cloud parameters be-
cause of the relatively low CH4 abundance in the mod-
ern atmosphere and the weaker NIR feature as com-
pared with the IR CH4 feature. For the extreme cases,
Sample article 11
1 x 103
3 x 103
300
(a) 0.01 PAL (2.0 Ga)
100
30
300
(b) 0.1 PAL (0.8 Ga)
100
30
10
300
(c) 0.5 PAL
100
30
10
3
(d) 1.0 PAL (modern)
Figure 8. Intensity plots for the integration time required to detect the O2 A-band feature of 0.759-0.769 µm with S/N = 5 are
shown for four different O2 abundances, 0.01 PAL (2.0 Ga) (a), 0.1 PAL (0.8 Ga) (b), 0.5 PAL (c), and 1.0 PAL (modern) (d)
with varying cloud altitude and coverage. Contour lines for the integration time are also plotted in black solid and dashed lines.
Also, the black filled circles on the vertical axes represent the altitude at 230 K, above which clouds are assumed as ice ones.
the minimum and maximum detection times are 6000
to 3 × 107 hours for the modern case (see Fig. 10).
The trend for the modern Earth case is the same as
the 2.0 Ga and 0.8 Ga cases.
5. DISCUSSION
In this study, we have examined the impact of cloud
properties (cloud altitude and its coverage) on the de-
tectability of the molecules on the reflectance spectra
of an Earth-like planet at different geological epochs
systematically. A self-consistent microphysical model
(e.g., Zsom et al. 2012; Ohno & Okuzumi 2017, 2018;
Powell et al. 2018; Gao & Benneke 2018; Ormel & Min
2019) would be needed to examine the plausibility of
these cloud parameters, which is beyond the scope of
this study. In our two-stream radiative transfer model,
the cloud layer is assumed to be completely absorbing
or reflective surface. In reality, however, some light can
penetrate the cloud layer depending on the thickness
of the cloud layer, and the cloud particle size. This
effect also cannot be studied without deriving the dis-
tributions of the size and number density of the cloud
particles by a microphysical cloud model and by using
a multi-scattering radiative transfer model.
For all the cases of detecting the O2 A-band, H2O fea-
ture at 0.90-0.98 µm, and that of CH4 at 1.64-1.78 µm,
we have found that the shortest integration times are
for a high-coverage, low-altitude cloud layer due to the
deeper absorption created with increased back-scattered
light of the higher albedo cloud layer when compared
with the surface albedo and the larger integrated col-
umn density. It is possible that this same effect on the
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Figure 9. Intensity plots for the integration time required to detect the H2O feature of 0.90-0.98 µm with S/N = 5 are shown
for three different Earth-like trajectory epochs, 2.0 Ga (a), 0.8 Ga (b), and the modern Earth (c) with varying cloud altitude
and coverage. Contour lines for the integration time are also plotted in black solid and dashed lines. Note that the black dashed
lines are for the integration times of 0.3, 3, 30, 300, 3 × 103, 3× 104, and 3 × 105 hr but not labeled for the clarity. Also, the
black filled circles on the vertical axes represent the altitude at 230 K, above which clouds are assumed as ice ones.
detectability could be seen on a snowball planet (e.g.,
Tajika 2008; Kadoya & Tajika 2014, 2015, 2016). While
the colder temperatures may slow down bioproductiv-
ity, Earth has been through several snowball states with
global glaciation well after oxygen has been a major at-
mospheric constituent and even quite recent in its his-
tory (see Kirschvink 1992; Hoffman et al. 2017, and ref-
erences therein). These snowball states may make these
features easier to detect as long as there are apprecia-
ble levels of these species in the atmosphere. As for the
abundance of H2O, although we have assumed larger
abundances for the two earlier geological epochs, dur-
ing the cooler period within the huge temporal range of
temperature oscillation, it might be lower than what we
have assumed, making the detection more difficult.
While we explored the detectability of specific absorp-
tion features of O2, H2O, and CH4 via the low-resolution
measurement of the flux-contrast around the wavelength
range of absorption features by LUVOIR, Wang et al.
(2018) investigated the detection time of O2, H2O, CH4,
and CO2 via high-resolution cross-correlation technique
over the wavelength range of 0.5 − 1.8 µm by HabEx
and LUVOIR. In their LUVOIR case, considering an
modern Earth-like planet with a clear sky atmosphere
located at 5 pc away, they reported that the required
starlight suppression for an exposure time of 100 hours
are ∼ 2×10−9 and ∼ 10−8 for H2O and O2, respectively,
while CH4 and CO2 are undetectable with 100-hour ex-
posure time.
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Figure 10. Intensity plots for the integration time required to detect the CH4 feature of 1.64-1.78 µm with S/N = 5 are shown
for three different Earth-like trajectory epochs, 2.0 Ga (a), 0.8 Ga (b), and the modern Earth (c) with varying cloud altitude
and coverage. Contour lines for the integration time are also plotted in black solid and dashed lines. Also, the black filled circles
on the vertical axes represent the altitude at 230 K, above which clouds are assumed as ice ones.
6. SUMMARY
In this study, we have explored the effect of cloud
altitude and its coverage on the reflectance spectra of
Earth-like planets at different geological epochs and ex-
amined the detectability of astrobiologically interesting
gaseous molecules in the visible and near-infrared spec-
trum, namely O2, H2O, and CH4, by simulating instru-
mental noise for the proposed mission concept LUVOIR.
Considering an Earth-like planet located at 5 pc away,
we have found that for the proposed LUVOIR telescope,
the detection of the O2 A-band feature (0.76 µm) will
take approximately 100, 30, and 10 hours for the ma-
jority of the cloud parameters modeled for atmospheres
with 0.1, 0.5, and 1.0 PAL O2 abundances, respectively.
Especially, for 0.5 and 1.0 PAL O2 cases, the feature
could be detectable with integration times . 10 hours
as long as there are lower altitude (. 8 km) clouds with
a global coverage of & 20%. For 0.01 PAL O2 case, how-
ever, it will take more than 100 hours for all the cloud
parameters modeled.
The combined detection of O2 and CH4 remains the
strongest biosignature. There is currently no known
abiotic oxygen production mechanism which would per-
sist with a simultaneously dedectable amount of CH4
present. For CH4, we have found that the detection of
its NIR feature at 1.64-1.78 µm will take approximately
10 and 30 hours for 2.0 Ga and 0.8 Ga cases, respec-
tively.
For the modern Earth case, however, it will take more
than 6000 hours for all the cloud parameters modeled
and the feature is undetectable even with the LUVOIR-
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sized telescope because of the relatively low CH4 abun-
dance in the modern atmosphere.
While H2O is not a biosignature, it is an important
indicator of habitability and provides necessary context
for interpreting future exoplanet observations. For H2O
feature at 0.90-0.98 µm, we have found that except for
the extreme case of higher cloud coverage at high al-
titudes, the detection of its strongest feature will take
approximately 3-10 hours.
In summary, a LUVOIR-sized mission with a corona-
graph could detect the reflected light of O2, CH4, and
H2O for many cases comparable to Earth’s geological
history with a wide range of cloud parameters. To detect
the combination of these gases with less than 100 hours
of observation time, however, will require more CH4
than in modern Earth’s atmosphere, O2 levels around
0.1 PAL or greater, and clouds that are lower in alti-
tude or patchy in coverage.
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